Spatially Targeted Optical Micro Proteomics (STOMP) is a method to study region-specific 14 protein complexity of a biological specimen. STOMP uses a confocal microscope to both visualize 15 structures of interest and to tag the proteins within those structures by a photo-driven crosslinking 16 reaction so that they can be affinity purified and identified by mass spectrometry 1 . STOMP has 17 the potential to perform discovery proteomics on sub-cellular structures in a wide range of primary 18 cells types and biopsy-scale tissue samples. However, two significant limitations have prevented 19 the broad adoption of this technique by the scientific community. First, STOMP is performed 20 across two software platforms written in different languages, which requires user operation at 21 each field of view. Up to 48 hours of microscope time is necessary to tag sufficient protein (~1 μg) 22 for mass spectrometry making STOMP prohibitively time and labor-consuming for many 23 researchers. Second, the original STOMP protocol uses a custom photo-crosslinker that limits the 24 accessibility of the technique for some user. To liberate the user, we developed a protocol that 25 automates communication between Zeiss Zen Black imaging software and FIJI image processing 26 software using a customizable code in SikuliX. To fully automate STOMP (autoSTOMP), this 27 protocol includes a tool to make tile array, autofocus and capture images of fields of view across 28 the sample; as well as a method to modify the file that guides photo-tagging so that subsets of 29 the structures of interest can be targeted. To make this protocol broadly accessible, we 30 implemented a commercially available biotin-benzophenone crosslinker as well as a procedure 31 to block endogenous biotin and purify tagged proteins using magnetic streptavidin beads. Here
Page 4 of 6 (PA1-7253, Invitrogen) was diluted 1:300 in TBS-T (0.1% Tween20) and coverslips were stained 154 at room temperature for 1 hour. Slides were washed three times with TBST. Endogenous biotin 155 was blocked with Avidin/Biotin Blocking Kit (SP-2001, Vector Laboratories) following the 156 manufacturer's protocol. The stock solution of 0.5 M biotin-dPEG®3-benzophenone (biotin-BP, 157 10267, Quanta BioDesign) in anhydrous DMSO (89139-666, VWR) is stable for 12 months when 158 stored with desiccant in the dark at -30 °C . The biotin-BP mounting media must be prepared fresh 159 (used within 4 hours) by diluting the biotin-BP stock solution in 50/50 (v/v) DMSO/water to a 160 working concentration of 1 mM biotin-BP. Coverslips were mounted in 12 μL biotin-BP mounting 161 media in a cold room (4 °C ) with weak light and sealed with nail polish (Insta-Dri Fast Dry Nail and 162 Double Duty Base and Topcoat, Sally Hansen). If multiple slides were necessary, coverslips were 163 mounted the day of crosslinking and stored in the dark at room temperature before microscopy.
165
Validation of biotin-benzophenone cross-linking by microscopy 166 Following biotin-BP cross-linking, each coverslip was soaked in DI water (RT, dark) for 30 167 minutes and the nail polish seal was gently pulled away. Excess mounting media was removed 168 by three washes with 50/50 (v/v) DMSO/water followed by three washes with Mili-Q water. Slides 169 were incubated in TBST (0.1% Tween20) containing 1: 500 dilution Alexa Fluor® 594 Streptavidin 170 (#016-580-084, Jackson ImmunoResearch Lab) for 45 min. Coverslips were washed three times 171 in TBST (0.1% Tween20) and mounted with mounting media containing DAPI (H-1000, Vector 172 Laboratories) for imaging.
174
Image acquisition, mask generation and UV-biotinylation using autoSTOMP 175 All microscopy and cross-linking were performed on an LSM880 confocal microscope 176 (Carl Zeiss, Inc., Germany) and a Chameleon multiphoton light source (Coherent Inc., USA) in 177 the Ewald Lab at the University of Virginia. Images were acquired using Zen Black (Carl Zeiss).
178
Image modification and MAP file generation were performed in FIJI (FIJI Is Just ImageJ) 11 .
179
Structures of Interest (SOI, Tg here) were visualized using the 25x oil emersion lens (LD LCI Plan-
180
Apochromat 25x/0.81 mm Korr DIC M27) with immersion oil (518 F for 30°C, refractive index = 181 1.518, 444970-9000-000, Carl Zeiss) and the argon laser source (488 nm) with 500-530 nm 182 bandwidth. A 512 x 512 pixel 2 image was acquired for each field of view. Sikulix version 1.1.4 183 (http://sikulix.com/) was used to automate tasks between software platforms. Python (version 3.6, 184 www.python.org) and Spyder (version 3.2.8, www.spyder-ide.org) were used to generate a tile 185 array across the slide surface (~ 500 tiles). Initial images acquired by the autofocus function were 186 compared to manually acquired images to validate the signal to noise ratio. Using the SikuliX 187 automation platform, each field of view was processed as follows. First, the SOI in each field of 188 view were imaged. The .czi file was exported into FIJI where a binary image was created, 189 thresholded and/or "erode", "dilate" or "find edges" functions were used to create a "MAP file" of 190 the regions to be photo cross-linked. The MAP file is converted to a .txt file which is imported by 191 the STOMP macro in Zen Black. In Zen Black, the STOMP macro directs the Chameleon to deliver 192 720nm light to each pixel defined in the MAP file. Cross-linking four to five million pixels typically 
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Once the UV-cross linking is complete for each slide, the coverslip was soaked in DI water 201 (RT, dark) for 30 min and the nail polish seal was gently pulled away. Excess mounting media 202 was eliminated by three washes with 50/50 (v/v) DMSO/water followed by three washes with Mili-203 Q water. Excess water was aspirated and the coverslip was stored at -30 °C while photo-
204
Page 5 of 6 crosslinking was performed on additional slides.
205
Our purification protocol for Mass Spectrometry ( facing up and incubated with 50 μL urea lysis buffer at room temperature for 30 min. The coverslip 211 was then rinsed with 100 μL Mili-Q water and followed by another incubation with 50 μL urea lysis 212 buffer at room temperature for 30 min. All of the solutions after lysis were collected and combined 213 as lysate in low protein binding 1.5 mL microcentrifuge tubes. To reduce the nucleic acid-protein 214 complex formation and associated lysate viscosity, benzonase (0.1 μL per 5 x 10 6 cells) was 215 added and incubated at 37 °C for 30 min followed by RNase (0.5 μL per 5 x 10 6 cells) treatment 216 at 65 °C for 15 min. The lysate was cooled to room temperature and ready for affinity purification.
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Four different buffers were used for the affinity purification: TU (50 mM Tris-Cl, 2 M urea, 218 and 150 mM NaCl at pH=7.4), TUST (50 mM Tris-Cl, 2 M urea, 150 mM NaCl, 0.1% SDS, and 219 0.1% Tween 20 at pH=7.4), TUB (0.5 mM biotin in TU buffer) and 100 mM NH4HCO3 buffer. The 220 volume of lysate of each sample was filled up to 1 mL with TUST. 10 μL Pierce™ Streptavidin
221
(SA) Magnetic Beads (88817) 50% slurry was washing with 1 mL TUST once and then added to 222 the lysate and mixed by vortexing. The mixture was incubated on a rotator at room temperature 223 for 1 hour to bind the biotinylated proteins (longer incubation time is not recommended as it will 224 increase unspecific binding). The magnet (DynaMag TM -2, Invitrogen) was used to pellet the SA 225 beads. To remove unspecific bound proteins, samples were washed three times with 1 mL TUST,
226
five times with 1 mL TU, 1 time with 1 mL TUB, and three times with 1 mL 100 mM NH4HCO3 227 buffer. After each wash, SA beads were pelleted on the magnet for 3 min and the buffer was 228 removed by pipetting while on the magnet. For each wash, the SA beads were mixed by vortexing 229 and incubated for 5 minutes before the SA beads were applied to the magnet again. After all 230 washing, the SA beads were resuspended in 100 μL 100 mM NH4HCO3 buffer.
232
Western blot
233
To validate Tg protein enrichment by western blot, total protein content for each sample 
281
To compare protein enrichment in Tg with protein enrichment at the parasite vacuole 282 membrane using the "donut" MAP file function, a Thermo Electron Q Exactive HF-X mass 283 spectrometer system with an Easy Spray ion source connected to a Thermo 75 µm x 15 cm C18
284
Easy Spray column was used at the University of Virginia Biomolecular Analysis Facility Core. 7 285 µL (33.3%) of the extract was injected and the peptides eluted from the column by an gradient at 286 a flow rate of 0.3 µL/min at 40 °C for more than 1 hour. Solvent A (water + 0.1% formic acid) and 287 solvent B (80% acetonitrile + 0.1% formic acid) were applied in the order of 2% B for 1.5 min, 2-288 23% B for 51 min, 23-35% B for 10 min, 35-95% B for 1 min, and 95% B for 5 min. The nanospray 289 ion source was operated at 1.9 kV. The digest was analyzed using a Top10 method with the MS 
317
To establish autoSTOMP, we followed the basic procedure to stain structures of interest 318 (SOI) ( Figure 1A) , to capture immunofluorescence images in Zeiss Zen Black ( Figure 1B) ; to 319 import images to FIJI and generate "MAP" binary text files ( Figure 1C ); and to cross-link SOI 320 proteins with 720nm light generated by the two-photon laser source using the STOMP Macro 
338
Progress reports or errors in the automation process are automatically sent to a user Gmail 339 account so that the system can be monitored remotely ( Figure 1I ).
340
The photo-excitation conditions for autoSTOMP were determined experimentally on a 
350
AutoSTOMP selectively biotinylates SOI
351
To determine if autoSTOMP can effectively enrich proteins from sub-cellular SOI we 352 infected human foreskin fibroblasts (HFFs) with the ME49 strain of Type II Toxoplasma gondii (Tg) 353 which forms intracellular vacuole measuring 1-6 m (Figure 2A ). After two hours of infection, the 354 coverslips were fixed and stained with an antibody raised against soluble Tg antigen (commonly 2B). A MAP file was generated and used to guide UV-excitation and biotinylation reaction using 357 the autoSTOMP platform (Figure 1) . Following UV-crosslinking, coverslips were removed and 358 stained with streptavidin directly conjugated to Alexafluor594 (SA-594) and reimaged ( Figure 2D ).
359
Co-localization was confirmed by re-imaging the Tg-specific antibody in the 488 nm channel 360 ( Figure 2E-F) . Co-localization of the -Tg signal and SA-594 signal confirmed the accuracy of UV 361 targeting and the efficiency of biotinylation. As expected, the -Tg-488 signal was slightly 362 photobleached upon re-imaging compared to that is before UV-targeting by autoSTOMP ( Figure   363 2E versus 2B). Tile imaging around the field of view identified in the MAP file ( Figure 2G , dotted 364 white box) confirmed that autoSTOMP selectively biotinylated SOI identified in the MAP and did 365 not increase background SA-594 signal relative to not-targeted fields of view ( Figure 2H ). Based 366 on these data, we conclude that autoSTOMP efficiently targets biotin-BP conjugation to regions 367 defined as SOI by immunofluorescence imaging.
369
AutoSTOMP biotinylation and precipitation procedures enrich for SOI proteins
370
To validate the efficiency of SOI biotinylation and streptavidin purification, Tg infected
371
HFFs were stained and biotinylated as described in Figure 2 (Figure 3 , -Tg STOMP). In parallel, 372 a negative control sample was prepared and mounted in biotin-BP, but not exposed to UV-light Figure 3D ). These results confirm that autoSTOMP effectively conjugates 385 biotin-BP to SOI proteins and that biotinylated SOI proteins are enriched by the SA-P procedure.
387
AutoSTOMP enriches for SOI proteins by LC-MS
388
We next asked if Tg SOI proteins could be enriched and identified by LC-MS using 389 autoSTOMP. Samples were prepared and precipitated as described in Figure 3 . After precipitation, 390 peptides were digested on SA-beads with trypsin/LysC for mass spectrometery (Figure 4 ). For 
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In total, 736 parasite proteins and 960 human proteins were detected in all samples with 399 false discovery ratio (FDR) < 1% for peptide identification and an FDR < 1% for protein 400 identification (Table S- were significantly enriched in α-Tg STOMP SA-P relative to the Dark SA-P samples ( Figure 4F ).
411
As expected, few Tg proteins ( Figure 4G, 1.8% ) and no human proteins ( Figure 4H 
413
We also examined protein enrichment based on abundance as the primary criterion. We The STOMP Macro guides the 2-photon laser to selectively deliver UV energy to each SOI identified in the map, conjugating biotin-BP to any protein within the bounds of each SOI. E, Biotinylated SOI proteins are affinity-purified using streptavidin-coated beads and identified by liquid chromatography-mass spectrometry (LC-MS). Both stained (red) and unstained (black) proteins within the SOI are biotinylated. F, Slides are mounted in a media containing a bi-functional, biotin-benzophenone (biotin-BP) affinity purification tag that is activated by UV to covalently attach to local carbon or nitrogen. G, To automate STOMP (auto-STOMP) a tile array of each field of view across the sample is generated using a custom python script and Zeiss Zen Black coordinate functions. H, The SikuliX icon recognition software is used to automate the basic STOMP protocol (auto-STOMP) by integrating the directed network of tasks between Zen Black (autofocus and image acquisition (B) and map guided photo-labeling(C)) and Fiji (image processing and map generation(D)). I, Instant messages are delivered to the user through Gmail portal for the update of automation status (Success/Failure/Frozen). Red boxes indicate auto-STOMP protocol updates. were stained with an α-Tg488 antibody to identify SOI for auto-STOMP (α-Tg STOMP) as described in Figure 2 . Alternatively, samples that have been treated identically but not exposed to UV light (Dark) serve as a control for background biotinylation and/or non-specific binding to SA-beads. Following UV crosslinking coverslips are washed to remove excess unconjugated biotin-BP, digested in 8 M urea lysis buffer and split in half. One half is reserved as the input loading control (INPUT). In the other half, biotinyated proteins are enriched by streptavidin (SA) bead precipitation. Following precipitation, samples are washed extensively and eluted in SDS Page loading dye by boiling "SA-P". B, Tg proteins are enriched in the α-Tg STOMP sample relative to the Dark control when α-Tg488 is used to identify SOI. Note, antibody detects multiple Tg proteins. C, Human GAPDH (arrow heads) is not enriched by STOMP when α-Tg488 is used as a SOI. D. Biotinylated proteins are enriched in STOMP samples relative to input and Dark controls. Representative of 3 independent experiments. A  B  C  D   LADDER  INPUT  SA-P  INPUT  SA-P   α-Tg  STOMP  Dark  LADDER  INPUT  SA-P  INPUT  SA-P   Dark  LADDER  INPUT  SA-P  INPUT  SA Figure 6 . Legend in the next page. Figure 6 . AutoSTOMP selectively identifies host and parasite proteins in custom SOI surrounding Tg. The regions surrounding but excluding Toxoplasma gondii (Tg) (STOMP DONUT) in mouse bone marrow derived dendritic cells (mBMDCs) were identified as SOI using the autoSTOMP 'donut macro' and biotinylated as described in Figure 5 . STOMP DONUT and identical samples not exposed to UV-light (Dark) were purified by streptavidin precipitated (SA-P) and on-bead digested for LC-MS. 138 Tg proteins and 2230 mouse proteins were detected with FDR < 0.2% of peptide identification and FDR < 2% of protein identification. P-values are calculated from the Student's t-test between the three replicates of STOMP DONUT SA-P sample and Dark SA-P sample (significant difference, p < 0.05; no significant difference, p ≥ 0.05). The proteins in STOMP DONUT SA-P sample with spectral counts ≥ 5 are annotated as "high abundance" whereas those with spectral counts < 5 are annotated as "low abundance". 
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Figure S-1
The optimal photo-crosslinking condition was determined varying the laser power (P), the number of iterations each field of view was photo-excited (I) and the dwell time (D) represented as "P/I/D" using methanol fixed THP-1 cells stained with propidium iodide. A, Five conditions were identified with sufficient power for photo-bleaching that did not induce overheating (red box). P/I/D = 3/1/1 was chosen to minimized the time necessary to process each field of view. Samples are primarily ordered by the power (P), secondly ordered by the iteration time (I) and thirdly ordered by the Dwell time/pixel (ms). The bleaching time per pixel in milliseconds (ms) to excite the photo-crosslinking equals the product of the iteration time and Dwell time/pixel. B, Representative laser settings for photo-crosslinking that causes the overheating with P/I/D = 3/2/4 (Top) or no overheating with P/I/D = 3/1/1 (Bottom) inside the slide. The STOMP crosslinking was directed to the SOIs with the shapes of numbers "3", "4", and "5" (Top) or numbers "6","7","8" (Bottom). The photobleaching occurs in the auto-STOMP targeted SOIs (yellow arrow) while the outside area was not affected (outside the white outline). Bubbles formed were detected under the bright field indicating overheating. 
